(K. = 1.6 mM) when compared to normals (K. = 0.9 mM). This difference was demonstrated by using two independent experimental designs.
Cystic fibrosis is the most common serious genetic disease in Caucasians in the United States and is transmitted as an autosomal recessive trait (1) . Clinically, it is characterized by chronic pulmonary disease and pancreatic insufficiency. The disease is diagnosed by the elevation of the Na and Cl concentrations in sweat (2) . Although abnormalities in monovalent cation transport have been described in erythrocytes, cultured fibroblasts, and sweat glands from patients with cystic fibrosis (3) (4) (5) (6) , these findings have not been reproducible. We have examined the kinetics of the Na/K pump in cultured fibroblasts from cystic fibrosis patients and age/sex-matched controls. The activity of the Na/K pump is dependent on internal Na concentration and external K concentration (7) . Ouabain is a specific inhibitor of the Na/K pump. Ouabain-sensitive 'Rb uptake was used as a measure of pump activity. When internal Na was increased with the Na ionophore monensin, there was no difference in the Na dependence of the Na/K pump between cystic fibrosis and control skin fibroblasts. When external K concentrations were varied, the cystic fibrosis Na/K pump had a decreased affinity for K (K. = 1.6 mM) when compared to controls (K1m = 0.9mM).
METHODS
Cell Culture. Fibroblast cultures were established from cells taken during skin biopsies of seven unrelated cystic fibrosis patients, ages 15-30, and seven age/sex-matched controls with no family history of cystic fibrosis. Informed consent was obtained by a protocol approved by the University of California, San Diego, Committee on Investigations/Activities in Human Subjects. The cells were grown and maintained in 90-mm dishes in Dulbecco's modified Eagle's medium (DME medium), 10% fetal bovine serum, pencillin at 100 units/ml, and streptomycin at 100 ,g/iml in a humidified atmosphere of 10% C02/90% air at 37°C. Experimental cells were subcultured in 35-or 60-mm plates with medium containing 10% fetal bovine serum and no antibiotics. The cells were mycoplasma free as determined by staining (8) . The medium was changed every 48 hr. When the cultures reached confluency, the cells were made quiescent by changing the medium to DME medium with 0.25% fetal bovine serum for 5-7 days. By autoradiography, the labeling index was less than 1% after 40-hr incubation with [3H]thymidine (9) . Some cultures were fed fresh 10% fetal bovine serum 48 hr before study. There was no difference in results with quiescent or fed cells. All experiments were done in triplicate. A single day's experiment included at least one control cell type and one cystic fibrosis cell type matched by age, sex, and passage number. There was consistency among triplicate dishes (±10%); however, there was variability of a given cell type on different days. Therefore, the results are expressed as means ofa number of experiments. Data were calculated using standard methods and are expressed as the mean ± SEM. Intracellular Na and K Content and 'Rb Uptake. Intracellular electrolyte content was measured as described by Smith and Rozengurt (10) modified by Mendoza et aL (11) . Total cell Na and K content and 'Rb uptake were measured in the same dishes. 86Rb served as a K tracer; Rb uptake is linear with time for 1 hr (10). Culture dishes were equilibrated in the various assay media for 10 or 20 min prior to the addition of 1 ,Ci of mRb (1 Ci = 3.7 X 10'°becquerels). After an additional 10 min, the dishes were washed quickly six times with 0.1 M MgCl2 at 4°C and allowed to drain a few minutes to improve removal of the MgCl2. When the dishes were dry, 1 ml of 15 mM LiCl containing 1% toluene was added. After cell lysis, intracellular Na and K content were measured in a flame photometer (model 143, Instrumentation Laboratory, Lexington, MA) with the LiCl serving as internal standard. Five hundred microliters of the remaining liquid was transferred to a liquid scintillation counter to measure Cerenkov radiation. Both intracellular Na and K content and`Rb uptake were expressed as a function of total cell protein (12) . Cystic fibrosis and control cells had equal protein content per cell (cystic fibrosis 432 ± 42 ,g of protein per 106 cells; control 386 ± 79 ,g of protein per 106 cells; n = 7, P > 0.5). When present, ouabain was 1 mM. Ouabainsensitive Rb uptake was the difference between Rb uptake in the absence and presence of the inhibitor.
22Na Transport in K-Free Media in the Presence and Absence of Ouabain. These studies were done using the protocol of Breslow et aL (4) . Cells (105) were plated in 60-mm dishes in DME medium with 10% fetal bovine serum. At confluency, the cells were washed twice with 2 ml of buffer M (150 mM NaCl/ 5 mM dibasic sodium phosphate/i mM monobasic sodium phosphate/i mM MgCl2/0.25 mM CaCl2/11.1 mM glucose, pH 7.35). The monolayers were incubated for 1 hr at 36.5°C in ambient atmosphere in 2 ml ofbuffer M to which 1 MCi of22Na
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 7143 was added. After this period, 0.02 ml of ouabain in water was added to half the culture dishes to achieve a final drug concentration of 1 uM. Incubation was continued for various periods up to 5 hr, then the dishes were rapidly washed three times with 5 ml of cold buffer M. After they were dry, the cells were dissolved in 1.5 ml of 0.2 M NaOH. A 1-ml aliquot was dissolved in 10 ml of scintillation fluid and radioactivity was measured in a liquid scintillation counter with an efficiency of 90%. A 0.1-ml aliquot of the same solution was used for protein determination. The ratio is expressed as the average cpm in three replicate culture dishes exposed to ouabain divided by the average cell-associated 'Na cpm in three replicate cultures not exposed to ouabain: "22Na ± ouabain ratio" intracellular 'Na after 5-hr exposure to ouabain in buffer M intracellular 'Na after 5-hr exposure to buffer M In addition, medium was drawn off dishes at various times of incubation to measure the Na and K content of the buffer. In some experiments, a low concentration ofK was added to buffer M at the beginning of the incubation period.
RESULTS
Regulation of the Na/K Pump Activity by Intracellular Na. To test the Na dependence of the Na/K pump in normal and cystic fibrosis fibroblasts, intracellular Na was increased by the addition of various concentrations (0.3-5.0 ,ug/ml) of the Na ionophore monensin. Monensin increases intracellular Na in a variety of cell lines (11) and also increases the rate of saRb uptake, an effect that can be blocked by ouabain.
Intracellular Na is plotted against saRb uptake in cystic fibrosis and control fibroblasts in Fig. 1 . The points are means for 26 experiments using seven control cell types and 16 experiments using seven cystic fibrosis cell types. Increasingmintracellular Na concentration stimulates ouabain-sensitive Rb uptake in control and cystic fibrosis fibroblasts. There is no significant difference in Na-dependent pump activity between control and cystic fibrosis fibroblasts (P > 0.5).
Regulation of the Na/K Pump Activity by Extracellular K. The Na/K pump is dependent on external K concentration (7). Ouabain-sensitive saRb uptake was measured in cells incubated with media at various K concentrations (0.15-5.0 mM). Potassium concentration is plotted against Rb uptake in control and cystic fibrosis fibroblasts in Fig. 2 . Each point is the mean of 25 control experiments and 18 cystic fibrosis experiments. The apparent Km and Vm. are derived from the double reciprocal plot. The Km for K in control fibroblasts is 0.8-0.9 mM, which is similar to that described for human erythrocytes (13, 14) . There is a marked increase in the Km for K of the cystic fibrosis cells (Km-1.6 mM). The difference is statistically significant (P < 0.001). There is a small difference in Vm. (normal 9.9 nmol/ min per mg of protein; cystic fibrosis 8.1 nmol/min per mg of protein), which is not statistically significant (P > 0.5).
22Na ± Ouabain Ratio. Breslow et aL reported a decrease in the 22Na ± ouabain ratio in cystic fibrosis cells after 5-hr incubation in K-free buffer (4). We repeated their experiments and found no difference in the 22Na ± ouabain ratios of cystic fibrosis and control cells (control = 1.3 + 0.05; cystic fibrosis = 1.4 ± 0.1; n = 5, P > 0.2). Medium K concentration was measured after the 5-hr incubation. There was a small amount of K in the bathing medium, presumably from a leak of intracellular K. The medium K concentration was dependent on the number ofcells on the dish. At a cell density of 3 X 105 per 60-mm dish, K concentration in the medium at 5 hr was 0.15 mM; at a cell density of 8 x 105 per 60-mm dish, medium K concentration was 0.45 mM. It seemed possible that differences in medium K concentration could explain the difference between our results and those ofBreslow et aL This idea was tested in two separate experiments: (i) Experimental dishes were studied at low density (3 x 105) and high density (8 x 105) to compare the 'Na ± ouabain ratio (Table 1 ). The ratios in both control and cystic fibrosis cells, increased with increasing cell number and concomitant increasing K in the medium.
(ii) Using cells at low density (3 X 105), 0.3 mM or 0.6 mM KCI was added to the starting buffer M (Table 2 ). Changing the medium K concentration increased the ratios in both control and cystic fibrosis cells. At 0.6 mM K, control ratios reached 5; cystic fibrosis ratios reached 3.19 . In both these experiments, the 'Na ± ouabain ratio was lower in cystic fibrosis cells than in control cells when final medium K was the same.
DISCUSSION
Cystic fibrosis is an autosomal recessive genetic disease occurring in about 1/2000 Caucasian live births. The expected gene frequency is 1/20 (15, 16) . The clinical disease affects predominately exocrine glands, producing pancreatic and pulmonary insufficiency. A constant clinical feature of the disease is increased Na and Cl concentrations in sweat (2) . There have been reports that monovalent ion transport is defective in patients with cystic fibrosis. Schulz examined filtration and reabsorption ofsalt and water in cystic fibrosis sweat glands by micropuncture and found normal filtration but a 50% decrease in Na reabsorption (6) . Defects in Na transport have been described in both erythrocytes and cultured fibroblasts from cystic fibrosis patients, but these findings remain controversial. Balfe et aL reported a decrease in both ouabain-sensitive and ouabain-insensitive Na flux in the erythrocytes of cystic fibrosis patients (3). Decreased numbers of ouabain-binding sites in cystic fibrosis fibroblasts have been described (17) , but this has not been found by other investigators using different techniques (18) . Epstein and Breslow reported increased resistance of cystic fi- (1 pWM final concentration) , and all dishes were incubated for 5 hr. The ratio is expressed as the average cell-associated 22Na cpm in three replicate dishes exposed to ouabain divided by 22Na cpm in three replicate dishes not exposed to ouabain. brosis fibroblasts to the toxicity ofouabain compared to controls (5, 17) . A defect in Ca uptake by cystic fibrosis fibroblasts was suggested by Feigel and Shapiro (19) .
We have examined the kinetics of Na/K coupled exchange in cultured fibroblasts of patients with cystic fibrosis. The Na/ K pump is electrogenic, requires ATP, and is dependent on internal Na and external K (7, 14) . Using ouabain-sensitive 86Rb uptake as a measure of pump activity, we found no difference in the Na-dependent pump activity in cystic fibrosis and control fibroblasts. In contrast, there was a decreased affinity for K of the cystic fibrosis Na/K pump (Km = 1.6 mM) compared to controls (Km = 0.9 mM). This appears to be a consistent finding in seven different cystic fibrosis cell types and seven age/sexmatched controls.
Breslow et aL (4) reported a decreased 'Na ± ouabain ratio in cystic fibrosis fibroblasts incubated in K-free medium compared to controls. In truly K-free medium, there is no Na/K pump activity (Fig. 2) , and ouabain, a specific pump inhibitor, should have no effect on intracellular Na content or pump-mediated Na efflux. However, during the 5-hr incubation in initially K-free medium, K leaked from the cells into the medium. In the presence of this low K concentration, pump-mediated Na efflux occurred. This pump activity was blocked by ouabain. Thus, ouabain-treated cells had a higher total and radioactive Na content (data not shown). The magnitude ofthe 'Na + ouabain ratio is a reflection of the magnitude of Na/K pump activity. Increasing medium K concentration by either increasing cell number or adding K to the medium stimulated Na/K pump activity, thereby increasing the ratio (Tables 1 and 2 ). The 'Na + ouabain ratio was not a unique feature of a given cell type but was dependent on medium K concentration. The ratio in cystic fibrosis and control cells would not be reproducibly different because of variations in final medium K concentration (e.g., in Table 2 , a ratio of 2.06 in a control and 2.02 in a cystic fibrosis cell type by varying only cell number and, therefore, medium K concentration). Thus it would be expected that the technique of Breslow et aL (4) would have both false negatives and false positives. This has been observed (20) .
At any given external K concentration, the 22Na ± ouabain ratio was lower in cystic fibrosis fibroblasts than in controls (Tables 1 and 2 ). The ratio is lower in cystic fibrosis cells because at low K concentrations (0.1-1.0 mM) there is less Na/K pump activity in cystic fibrosis fibroblasts than in controls (Fig. 2) . Because of this decreased pump activity, cystic fibrosis cells have less pump-dependent Na efflux that can be inhibited by ouabain. The decreased Na efflux produces a lower 'Na ± ouabain ratio in cystic fibrosis cells compared to controls. The lower ratio in cystic fibrosis fibroblasts is due to the decreased affinity of the Na/K pump for K in cystic fibrosis cells.
CONCLUSION
The Na and K dependence ofthe Na/K pump was measured in cystic fibrosis and control fibroblasts. There was no difference in the Na dependence of the Na/K pump between cystic fibrosis cells and control cells. The cystic fibrosis pump had a decreased affinity for K (Km = 1.6 mM) when compared to controls (Km = 0.9 mM). This difference has been demonstrated in two independent ways. First, the K dependence of ouabainsensitive soRb uptake was measured directly (Fig. 2) . Second, the ratio of cell-associated 'Na in ouabain-treated cells to that in non-ouabain-treated cells was measured in the presence of low medium K concentration (Tables 1 and 2 ). In both these experiments, it was apparent that the affinity ofthe Na/K pump for K was significantly lower in fibroblasts from patients with cystic fibrosis than in control cells.
It is not clear if the decreased K affinity of the Na/K pump is the primary defect in cystic fibrosis or is a secondary manifestation of the disease. This question can be approached by studying fibroblasts from obligate heterozygotes to define the kinetics of their Na/K pump. The decreased K affinity of the Na/K pump in cystic fibrosis makes extracellular K a regulator of monovalent ion transport at physiologic levels of serum K. Differences in Na and K transport could affect a variety ofbasic cellular functions such as membrane potential, intracellular ATP, intracellular pH, or intracellular ion activity.
